The transcription factor Nrf2 plays a critical role in the organism wide-regulation of 34 the antioxidant stress response. The Nrf2 homolog SKN-1 functions in the intestine 35 cell non-autonomously to negatively regulate neuromuscular (NMJ) function in 36 Caenorhabditis elegans. To identify additional molecules that mediate SKN-1 37 signaling to the NMJ, we performed a candidate screen for suppressors of aldicarb-38 resistance caused by acute treatment with the SKN-1 activator, arsenite. We 39 identified two receptor tyrosine kinases, EGL-15 (fibroblast growth factor receptor, 40 FGFR) and DAF-2 (insulin-like peptide receptor, IR) that are required for NMJ 41 regulation in response to stress. Through double mutant analysis, we found that 42 EGL-15 functions downstream of SKN-1 and SPHK-1 (sphingosine kinase), and that 43 the EGL-15 ligand EGL-17 FGF and canonical EGL-15 effectors are required for 44 oxidative stress-mediated regulation of NMJ function. DAF-2 also functions 45 downstream of SKN-1, independently of DAF-16/FOXO, to regulate NMJ function. 46 Through tissue-specific rescue experiments, we found that FGFR signaling functions 47 101 et al., 2003). Neuronal functions of DAF-2 include motor activity, isothermal tracking, 102 development of cholinergic axon and touch receptor neuron (Duhon and Johnson, 103 1995; Hsu et al., 2009; Li et al., 2016; Murakami et al., 2005). DAF-2 also plays a 104 role in the long term and short term learning memory (Kauffman et al., 2010).
3 primarily in the hypodermis, whereas IR signaling is required in multiple tissues. Our 48 results support the idea that the regulation of NMJ function by SKN-1 occurs via a two FGFs, EGL-17 and LET-756. EGL-15 activates a downstream signaling cascade 95 composed of the SEM-5/GRB2 adaptor protein, the SOS-1/guanine nucleotide 96 exchange factor, the SOC-2/SHOC2 adaptor protein and SOC-1, a putative adaptor 97 with a conserved PHD domain that interacts with SEM-5 (Schutzman et al., 2001) . 98 DAF-2 is a subfamily of receptor tyrosine kinase, ortholog of insulin/IGF-1 99 transmembrane receptor (IR) playing a key regulator of lifespan, stress resistance, 100 metabolism and development (Gottlieb and Ruvkun, 1994; Hung et al., 2014; Libina For temperature sensitive mutants, we transferred L4 stage worms, which were 118 grown on 22˚C, to 25˚C for 24 hours prior to assay. Young adult hermaphrodites 119 were used for all experiments. The following mutant strains were used. Some of 120 which were provided by the Caenorhabditis Genetics Center, which is funded by NIH Project (Japan). The wild type reference strain was N2 Bristol. The genes and 130 mutant strains tested in our screen are listed in the Supplemental file 1. and the coinjection marker KP#708 (Pttx-3::rfp, 40 ng/µl) or KP#1106 (Pmyo-2::gfp 141 10 ng/µl) into N2 or corresponding mutants. Microinjection was performed following 142 standard techniques as previously described (Mello et al., 1991) . At least three lines 143 for each transgene were tested and a representative transgene was used for the Hamamatsu Orca Flash LT+ CMOS camera. Metamorph 7.0 software (Universal (Kamath and Ahringer, 2003) . Briefly, gravid adult animals were placed on RNAi 164 plates seeded with HT115(DE3) bacteria transformed with L4440 vector containing 165 fragment of knockdown genes or empty L4440 vector as a control to collect eggs 166 then removed after 4 hours to obtain age-matched synchronized worm population.
167
Young adult animals were used for every RNAi assay. 
Results

191
A screen for genes that promote aldicarb resistance in response to oxidative 192 stress. 193 We previously showed that acute (4 hour) exposure to the oxidative stressor 194 arsenite causes resistance to the paralytic effects of aldicarb (Kim and Sieburth, 195 2018b; Staab et al., 2013) . Aldicarb is an acetylcholine esterase inhibitor, and Figure 1D ). These results suggest that EGL-15 is not transcriptionally 269 regulated by SKN-1 activation.
270
To determine whether EGL-15 functions in the SKN-1 pathway to regulate 271 aldicarb resistance, we examined skn-1 mutants that are constitutively active. The mutants, but this shift in aldicarb resistance was significantly smaller than that of wild 306 type controls treated with arsenite ( Figure 2A ). This partial response suggests that 307 EGL-17 contributes to arsenite-induced aldicarb resistance, but is not likely to be 308 solely responsible for EGL-15 activation in this process.
309
To test the role of LET-765, we examined let-756(s2613) hypomorphic 310 mutants, which are viable, unlike null mutants, which die as larvae (Popovici et al., 311 2004). let-756(s2613) mutants were significantly more sensitive to aldicarb-induced 312 paralysis than wild type controls in the absence of arsenite ( Figure 2B ), revealing a 313 role for LET-765 in inhibiting NMJ function in the absence of stress. Arsenite 314 treatment caused a large shift toward aldicarb resistance in let-756 mutants that was 315 similar to that of wild type controls ( Figure 2B ), suggesting that stress-induced 316 aldicarb resistance is not impaired in these mutants. The partial defect in arsenite-317 induced aldicarb resistance of egl-17 mutants was not enhanced by let-756 318 mutations ( Figure 2C ). Thus, we conclude that EGL-17 contributes to arsenite-319 induced aldicarb resistance, and LET-756 may not. However, because the let-756 320 mutant analyzed was not null, it is not possible to make a definitive determination of 321 its contribution in this pathway. The SOS-1/SOC-1/SOC-2 signaling cascade mediates arsenite-induced 324 aldicarb resistance. 325 We next examined mutants corresponding to each of the known components Figure 2D ). soc-1(n1789) and soc-2 (n1774) are null and 332 hypomorph alleles, respectively (Schutzman et al., 2001) . We found that soc-333 1(n1789) mutants were slightly aldicarb resistant in the absence of arsenite whereas 334 soc-2 (n1774) mutants were hypersensitive to aldicarb (Figure 2E, F) . However, both 335 mutants became significantly less aldicarb resistant than wild type controls following 336 arsenite treatment (Figure 2E, F) . Finally, sem-5(n1779) hypomorphic mutants were 337 extremely resistant to aldicarb in the absence of arsenite, revealing a role of SEM-5 338 promoting NMJ function. Arsenite treatment elicited a further increase in aldicarb 339 resistance in sem-5(n1779) mutants, but this shift was much smaller than the shift 340 elicited in wild type controls ( Figure 2G ). Thus, SOS-1, SOC-1 and SOC-2 contribute 341 to stress-induced aldicarb resistance. The contribution of SEM-5 is more difficult to 342 ascertain given that the mutants were so resistance to aldicarb in the absence of 343 stress. Because EGL-15 signaling is left partially intact in each of the signaling 344 mutants tested, we conclude that these components may function in parallel with 345 each other, or may function with other unidentified components activated by EGL-15 346 to contribute to stress-induced aldicarb responsiveness. DAF-2 is required for aldicarb resistance induced by oxidative stress. 398 The second gene identified in our screen was daf-2. We examined two 399 temperature sensitive daf-2 mutants, daf-2(e1370ts), which encodes a P1547S 400 missense mutation, and daf-2(m596ts), which encodes a G471S missense mutation 401 (Bulger et al., 2017) . Both mutants are viable at the semi-permissive temperature of 402 22°C and enter into the dauer stage at the restrictive temperature of 25°C (Bulger et   403 al., 2017). In the absence of arsenite, both daf-2(e1370ts) and daf-2(m596ts) 404 mutants were slightly more aldicarb resistant than wild type controls when cultured at 405 22°C ( Figure 4A and 4E) . Following arsenite treatment, daf-2(e1370ts) mutants 406 failed to become more aldicarb resistant than untreated mutants, remaining nearly as 407 sensitive to aldicarb as untreated daf-2 controls ( Figure 4A) . These results reveal a 408 role for DAF-2 in promoting arsenite-induced aldicarb resistance in adult animals that 409 is distinct from its role in regulating development.
410
DAF-2 functions downstream or in parallel to SKN-1 411
To determine whether DAF-2 functions in the SKN-1 pathway to regulate 412 aldicarb responsiveness, we examined the aldicarb responsiveness of daf-2 mutants However, knockdown of wdr-23 was unable to cause aldicarb resistance in either 419 daf-2(e1370ts) or daf-2(m596ts) mutants ( Figure 4C, D) , suggesting that the aldicarb (Figure 4E and (Kim and Sieburth, 2018b) ).
426
However, PMK-1 overexpression was unable to make daf-2(m596ts) mutants more 427 aldicarb resistant than non-transgenic controls ( Figure 4E ). Together, these results 428 are consistent with a function of DAF-2 either downstream or in parallel to SKN-1 in 429 regulating aldicarb resistance in response to stress. 2017)), or by a mechanism that is independent of DAF-16 (Szewczyk et al., 2007) . If 433 DAF-2 negatively regulates DAF-16 in this stress response, we predict that daf-16 434 mutations should restore SKN-1-induced aldicarb resistance to daf-2 mutants. We 435 found that daf-2; daf-16 double mutants exhibited aldicarb responsiveness that was 436 similar to daf-2 single mutants ( Figure 4F ). However, daf-16 mutations did not 437 restore aldicarb resistance to daf-2 mutants treated with wdr-23 RNAi ( Figure 4D the tissue in which DAF-2 functions in SKN-1-mediated aldicarb resistance, we 455 performed a series of tissue-specific rescue experiments using daf-2 genomic DNA.
456
A prior study generated a panel of extrachromosomal arrays in which daf-2 genomic 457 DNA was expressed in different tissues (Hung et al., 2014) . We examined strains 458 bearing these extrachromosomal arrays for their ability to restore normal stress-459 induced aldicarb resistance to daf-2(m596ts) mutants. To activate the stress 460 response, we knocked down wdr-23 by RNAi in daf-2(m596ts) mutants. As 461 expected, expression of daf-2 genomic DNA in all tissues (using the dpy-30 462 promoter) fully reverted aldicarb resistance to daf-2 mutants treated with wdr-32 463 RNAi ( Figure 5A ). Next, we tested whether DAF-2 expression selectively in the 464 intestine (using the ges-1 promoter), the nervous system (using the rab-3 promoter), 465 the hypodermis (using the col-12 promoter), or in body wall muscle (using the myo-3 466 promoter) could restore normal aldicarb responsiveness to daf-2(m596ts) mutants in 467 which wdr-23 was knocked down. Interestingly, we found that expression of DAF-2 in 468 any single tissue failed to rescue daf-2(m596ts) mutants ( Figure 5B where SKN-1 is activated and the NMJ during the oxidative stress response.
488
Aldicarb resistance can arise from defects in acetylcholine release from 489 NMJs, neuropeptide secretion or muscle excitability. We previously found that the 490 aldicarb resistance caused by SKN-1 activation is not due to enhanced detoxification 491 of aldicarb or alterations in muscle excitability but instead is due to reduction in 492 neurotransmitter release from motor neurons (Staab et al., 2013) . We subsequently 493 found that inhibition of intestinal SPHK-1 by SKN-1 results in a reduction in 494 neuropeptide secretion from motor neurons (Kim and Sieburth, 2018b) . Since EGL-495 15 is required for the effects of SPHK-1 on NMJ function, we speculate that FGF 496 signaling may also regulate neuropeptide secretion, although further analysis will be 497 needed to determine the detailed mechanism by which FGFR and IR signaling 498 regulates NMJ function. resistance, suggesting that there may be signaling redundancy among these 513 components, or there may be other unidentified EGL-15 effectors. In mammals, the 514 FGFR activates multiple different cytosolic signaling factors in a signal and context 515 dependent manner. Additional downstream targets of FGFR that were not tested 516 here include the adapter proteins FRS2a and CRKL, and well as STAT family 517 members (Ornitz and Itoh, 2015) . It will be interesting to determine whether these 518 genes function with SOC-1 and/or SOS-1 in this pathway. Interestingly, we found 519 that in the absence of arsenite, let-756 or soc-2 mutants were significantly 520 hypersensitive to aldicarb-induced paralysis, whereas soc-1 and sem-5 mutants 521 were resistant to aldicarb, revealing previously unreported roles for these signaling 522 components in negatively and positively regulating NMJ function, respectively. The proper mobility (Szewczyk et al., 2007) . Notably, we found that selective expression 558 of daf-2 in the hypodermis led to aldicarb resistance ( Figure 5D ), a phenotype that 559 was not observed when expressing daf-2 in any other tissue tested, suggesting that 560 enhanced DAF-2 signaling in the hypodermis may regulate NMJ function in the 561 absence of stress. Indeed, DAF-2 signaling has been implicated in decreasing motor 562 function in aged animals, but its site of action was not determined (Liu et al., 2013) . 563 Our results suggest that DAF-2 signaling functions downstream of SKN-1 to 564 regulate NMJ function. Consistent with this, tyrosine phosphorylation of the insulin 565 receptor substrates 1 and 2 (IRS-1 and -2) by the insulin receptor is strongly reduced 566 in the Nrf2-deficient mice (Beyer and Werner, 2008) . Furthermore, insulin receptor 567 tyrosine kinase is greatly activated by oxidative stressor hydrogen peroxide (Droge, 568 2005). Interestingly, DAF-2 signaling has been implicated in the activation of SKN-1 569 during aging through the regulation of the Akt kinases AKT-1/2 (Tullet et al., 2008) .
570
The function of DAF-2 downstream of SKN-1 that we report here is likely to be 571 distinct from the function identified for DAF-2 during ageing, further underscoring the 572 complex role of insulin signaling in the SKN-1 pathway. 573 574
